General discard pathways eliminate unprocessed and irregular pre-mRNAs to control the quality of gene expression. In contrast to such general premRNA decay, we describe here a nuclear pre-mRNA degradation pathway that controls the expression of select intron-containing genes. We show that the fission yeast nuclear poly(A)-binding protein, Pab2, and the nuclear exosome subunit, Rrp6, are the main factors involved in this polyadenylationdependent pre-mRNA degradation pathway. Transcriptome analysis and intron swapping experiments revealed that inefficient splicing is important to dictate susceptibility to Pab2-dependent pre-mRNA decay. We also show that negative splicing regulation can promote the poor splicing efficiency required for this pre-mRNA decay pathway, and in doing so, we identified a mechanism of cross-regulation between paralogous ribosomal proteins through nuclear pre-mRNA decay. Our findings unveil a layer of regulation in the nucleus in which the turnover of specific pre-mRNAs, besides the turnover of mature mRNAs, is used to control gene expression.
INTRODUCTION
In eukaryotes, the expression of a protein-coding gene follows an ordered series of events before the mature messenger RNA (mRNA) exits the nucleus for translation. In the nucleus, the primary transcript (pre-mRNA) is processed 5 0 to 3 0 via capping, splicing, cleavage, and polyadenylation. This latter step is generally thought to positively contribute to gene expression by facilitating export and translation. Yet, there is now strong evidence that polyadenylation can also represent a path to RNA destruction in eukaryotes.
Degradative polyadenylation in eukaryotes has been mainly associated with the activity of a multiprotein complex called TRAMP, for Trf4/Trf5-Air1/Air2-Mtr4 polyadenylation complex (LaCava et al., 2005; Vaná cová et al., 2005; Wyers et al., 2005) . Trf4 and Trf5 are noncanonical poly(A)-polymerases of the TRAMP complex that add short poly(A) to a specific subset of nuclear RNAs. Although the functional role of the TRAMP complex has been studied mostly in S. cerevisiae, TRAMPdependent polyadenylation has been demonstrated in humans, plants, and fission yeast (Chekanova et al., 2007; Shcherbik et al., 2010; Win et al., 2006) . Polyadenylation by the TRAMP complex triggers RNA degradation by the nuclear exosome complex (LaCava et al., 2005; Vaná cová et al., 2005; Wyers et al., 2005) . The exosome consist of ten conserved subunits that are thought to organize into a barrel-like configuration (Bonneau et al., 2009 ). This ten-subunit complex, often referred to as the core exosome, contains a single catalytically active component, Dis3/Rrp44, that displays both exo-and endonuclease activities (Dziembowski et al., 2007; Lebreton et al., 2008; Schaeffer et al., 2009; Schneider et al., 2009) . Intriguingly, an additional 3 0 /5 0 exonuclease, Rrp6, specifically associates with the core exosome in the nucleus (Allmang et al., 1999b) . Interestingly, Dis3 and Rrp6 show different activities in terms of RNA hydrolysis in vitro (Liu et al., 2006) , perform distinct roles in RNA processing in vivo (Allmang et al., 1999a; Callahan and Butler, 2008; Lemay et al., 2010; van Hoof et al., 2000) , and are encoded by essential and nonessential genes, respectively. This genetic and biochemical evidence suggest that Dis3 and Rrp6 are likely to have different cellular activities.
Polyadenylation-mediated exosome degradation via the TRAMP complex has been largely associated with nuclear RNA surveillance. Accordingly, it is now believed that gene expression is error-prone and that mistakes are common during transcription and RNA processing (Fasken and Corbett, 2009; Moore and Proudfoot, 2009) . Consistently, inactivation of the TRAMP/exosome system leads to the accumulation of aberrantly processed pre-mRNAs (Bousquet-Antonelli et al., 2000; Torchet et al., 2002) , unprocessed ribosomal RNAs (rRNAs) (Allmang et al., 1999a; Dez et al., 2006) , and unmodified transfer RNAs (tRNAs) (Vaná cová et al., 2005) . Despite the established role of the TRAMP complex in degradative polyadenylation, evidence suggest that the nuclear exosome can also target transcripts polyadenylated by the canonical poly(A) polymerase (Grzechnik and Kufel, 2008; Milligan et al., 2005; van Hoof et al., 2000) . Yet, how the exosome selectively targets RNAs polyadenylated by the canonical polyadenylation machinery remains unclear. One possible mechanism by which this might occur could be through the action of poly(A)-binding proteins (PABPs). Accordingly, the fission yeast nuclear PABP, Pab2, has recently been shown to be involved in exosome-dependent RNA processing (Lemay et al., 2010; St-André et al., 2010; Yamanaka et al., 2010) . Pab2 is the fission yeast homolog of human PABPN1. Notably, mutations in the PABPN1 gene results in oculopharyngeal muscular dystrophy (Brais et al., 1998) , a late-onset myopathy for which the molecular basis remains unknown.
Here, we report the identification of a pathway that requires Pab2 and the nuclear exosome to target specific unspliced pre-mRNAs for nuclear degradation. Transcriptome analysis by next-generation sequencing identified several dozen genes targeted by Pab2-dependent pre-mRNA decay. By studying how pre-mRNA decay controls the expression of the ribosomal protein gene, rpl30-2, we found a cross-regulatory mechanism in which Rpl30-1 inhibits rpl30-2 splicing to sensitize the unspliced polyadenylated rpl30-2 pre-mRNA to Pab2/Rrp6-mediated decay. Our findings have identified a mode of gene regulation in which the control of RNA splicing influences the equilibrium between processing and nuclear decay of specific pre-mRNAs.
RESULTS

Pab2
Controls rpl30-2 Expression at the Level of the Pre-mRNA We previously used DNA microarrays to investigate for gene expression changes in cells lacking the nuclear poly(A)-binding protein Pab2 (Lemay et al., 2010) . Although the expression levels of most protein-coding genes were unaffected in the pab2D strain, RNA level expressed from the ribosomal protein-coding gene, rpl30-2, was increased by 4.5-fold in the absence of Pab2 (Lemay et al., 2010) . To independently validate this result, we compared rpl30-2 mRNA levels between wild-type and pab2D strains by northern analysis and confirmed a 3-fold increase of rpl30-2 mRNA in pab2 null cells ( Figure 1A , lanes 1 and 2). Interestingly, a slower-migrating transcript also accumulated in the pab2D strain (lane 2). Because the coding sequence of rpl30-2 is interrupted by a 246 nt intron, we tested whether the larger transcript corresponded to the rpl30-2 pre-mRNA. The use of an intron-specific probe confirmed that the slowermigrating rpl30-2 transcript is the unspliced pre-mRNA (Figure 1A, lane 4) . The increased level of rpl30-2 pre-mRNA in the absence of Pab2 resulted in a 3-fold increase in the percentage of unspliced transcripts ( Figure S5A available online). This alteration in the unspliced ratio of rpl30-2 in the pab2D strain makes it unlikely that this result is due to increased transcription. Accordingly, chromatin immunoprecipitation (ChIP) experiments demonstrated similar RNA Pol II densities along the rpl30-2 gene in both wild-type and pab2D strains ( Figure S1B ). We also confirmed that the absence of Pab2 did not affect the cleavage and polyadenylation steps of rpl30-2 by RNase H experiments ( Figure S1C ). Interestingly, regulation of rpl30-2 by Pab2 was Figure 1 . Pab2 Regulates the Expression of rpl30-2 at the Level of the Pre-mRNA (A) Northern blot analysis of RNA from wild-type (lanes 1 and 3) and pab2D (lanes 2 and 4) strains. The blot was hybridized using a DNA probe complementary to rpl30-2 exon 1 (lanes 1 and 2) and intron (lanes 3 and 4) sequences. The blot was also probed for rpl30-1 and srp7 transcripts. (B) Northern blot analysis of RNA from wild-type (lanes 1 and 4), pab2D (lanes 2 and 5), and rrp6D (lanes 3 and 6) strains that express rpl30-2 from introncontaining (lanes 1-3) and intronless (RPL30-2Di; lanes 4-6) constructs.
(C) Quantitative PCR analysis of rpl30-2 mRNA level in the same strains described in (B) using a primer pair in which one primer spans the exon-exon junction. The data and error bars represent the average and standard deviation from three independent experiments. See also Figure S1 . specific to one of the two rpl30 paralogs, as the expression of rpl30-1 was unchanged in pab2D cells ( Figure 1A ). In conclusion, both the mRNA and the pre-mRNA of rpl30-2 are upregulated in the absence of Pab2.
We next addressed whether synthesis of the pre-mRNA was required for Pab2-dependent control of rpl30-2 mRNA level. We therefore generated an intronless construct (RPL30-2Di) that expressed the rpl30-2 complementary DNA from native promoter and terminator sequences. As a control, we prepared a similar construct, but using the intron-containing version of rpl30-2. These two constructs were chromosomally integrated as a single copy into a rpl30-2D strain. We then deleted pab2 from rpl30-2D strains that expressed intronless and intron-containing versions of rpl30-2. Similar to endogenous rpl30-2, expression from the rpl30-2 intron-containing construct in the pab2D strain resulted in the accumulation of mRNA and premRNA ( Figure 1B , lanes 1 and 2, and Figure 1C ). Interestingly, the intronless rpl30-2 construct resulted in increased levels of mRNA relative to the intron-containing construct ( Figure 1B , lanes 1 and 4); yet, mRNA levels were not increased in the pab2D strain when rpl30-2 was expressed from the intronless construct ( Figure 1B , lanes 4 and 5, and Figure 1C ). These results indicate that Pab2 controls rpl30-2 expression at the level of the unspliced pre-mRNA.
Pab2 and the Nuclear Exosome Control rpl30-2
Expression by Pre-mRNA Decay The increased levels of both spliced and unspliced rpl30-2 transcripts in the pab2D strain make it unlikely that Pab2 is required for rpl30-2 splicing. Consistent with this, inhibition of splicing with fission yeast prp2-1 and prp10-1 mutant strains (Urushiyama et al., 1997) resulted in a marked reduction of spliced rpl30-2 mRNA (data not shown). We therefore reasoned that Pab2 might target the rpl30-2 pre-mRNA for degradation. Nonsense-mediated mRNA decay (NMD) has previously been shown to target unspliced pre-mRNAs for degradation (Sayani et al., 2008) . Our results, however, indicated that Pab2 regulates rpl30-2 expression by a mechanism independent of NMD ( Figure S2 ).
The physical and functional interactions between Pab2 and the nuclear exosome required for small nucleolar RNA (snoRNA) processing (Lemay et al., 2010) led us to examine whether the exosome functions with Pab2 in the regulation of rpl30-2 expression. We examined the level of rpl30-2 pre-mRNA and mRNA in dis3-54 and rrp6D strains, which are mutated in two 3 0 /5 0 exonucleases specific to the exosome. Northern blot analysis of RNA prepared from the rrp6D strain revealed robust upregulation of rpl30-2 mRNA and pre-mRNA, 5-and 18-fold, respectively ( Figure 2A , lane 7, and Figures 2B and 2C), whereas rpl30-2 mRNA and pre-mRNA were upregulated 1.5-and 3.5-fold, respectively, using RNA from the dis3 mutant ( Figure 2A , lane 5, and Figures 2B and 2C) . Interestingly, the levels of (D) The indicated strains were grown to mid-log phase before being treated (lanes 5-8) or not (lanes 1-4) with thiamine to repress the nmt1 promoter. Equal amounts of RNA were analyzed by northern blot. See also Figure S2 .
rpl30-2 mRNA and pre-mRNA were higher in the pab2D dis3-54 double-mutant strain compared to the single dis3-54 mutant ( Figure 2A , compare lanes 5 and 6, and Figures 2B and 2C ). In contrast, no cumulative increase in the levels of rpl30-2 transcripts was observed in the pab2D rrp6D double-mutant strain relative to the single rrp6D strain (Figure 2A , lanes 7 and 8, and Figures 2B and 2C ). These data suggest that Pab2 and Rrp6 control rpl30-2 expression through a common degradation pathway, whereas Pab2 and Dis3 appear to function via distinct pathways. The control of rpl30-2 expression by Pab2 and the exosome appears to be primarily mediated in the nucleus, as the deletion of ski7, which encodes a cytosolic-specific exosome cofactor, did not perturb rpl30-2 expression ( Figure 2A , lane 9, and Figures 2B and 2C). The TRAMP polyadenylation complex enhances the activity of the nuclear exosome (Callahan and Butler, 2010; LaCava et al., 2005; Vaná cová et al., 2005) . We therefore examined whether TRAMP-dependent polyadenylation was required for the regulation of rpl30-2 expression by deleting the gene that encodes the single catalytic subunit of fission yeast TRAMP, cid14 (Win et al., 2006) . Analysis of RNA from cid14D cells showed normal levels of rpl30-2 pre-mRNA and mRNA (Figure 2A, lane 3, and Figures 2B and 2C) . However, the deletion of cid14 in the pab2D strain increased the levels of rpl30-2 mRNA and pre-mRNA compared to the single pab2D strain ( Figure 2A , compare lanes 2 and 4). Similar results were obtained with a conditional strain in which the genomic copy of mtr4 is expressed from the thiamine-sensitive nmt1 + promoter: depletion of Mtr4 did not affect rpl30-2 premRNA and mRNA levels ( Figure 2D , compare lanes 3 and 7); however, depletion of Mtr4 in the pab2D strain increased the levels of rpl30-2 mRNA and pre-mRNA compared to the single pab2D strain ( Figure 2D , compare lanes 4 and 8).
Altogether, these data suggest that Pab2 and Rrp6 play a central role in the control of rpl30-2 expression at the level of pre-mRNA turnover. Consistent with this, rpl30-2 expression levels were unaffected in the rrp6D strain when rpl30-2 was expressed from the intronless construct ( Figure 1B , lanes 4 and 6), similar to results using the pab2D mutant ( Figure 1B , lane 5). Interestingly, the control of rpl30-2 expression by pre-mRNA decay appears largely independent of the TRAMP complex, as cells deficient for two independent TRAMP-associated proteins, Cid14 and Mtr4, showed normal rpl30-2 expression.
Pab2/Rrp6-Mediated Degradation of rpl30-2 Pre-mRNA Is Polyadenylation Dependent Gene regulation by a nuclear PABP at the level of pre-mRNA decay predicts a polyadenylation-dependent mechanism. To address whether a 3 0 poly(A) tail is required for the control of rpl30-2 expression by Pab2 and Rrp6, we made a rpl30-2 construct in which a variant of the hepatitis Delta ribozyme (Bird et al., 2005) was inserted upstream of the rpl30-2 polyadenylation site ( Figure 3A) . Although cleavage by the hepatitis Delta ribozyme will generate a 5 0 product ending with a 2 0 ,3 0 -cyclic phosphate, it has been shown that transcripts with such a 3 0 end can be degraded by the exosome in budding yeast (Meaux and Van Hoof, 2006) . The rpl30-2 ribozyme and wild-type constructs were chromosomally integrated as a single copy into a rpl30-2D strain and expressed from the endogenous rpl30-2 promoter. We confirmed that our rpl30-2 ribozyme construct expressed a non-polyadenylated transcript by RNase H assays. As can be seen in Figure 3B , analysis of RNase H reactions from a strain that expressed the normal rpl30-2 gene showed heterogeneous 3 0 products (lane 2) that collapsed into a discrete product (lane 1) after addition of oligo d(T). This loss of heterogeneity after oligo d(T) treatment is consistent with polyadenylated rpl30-2 transcripts. In contrast, RNase H reactions with RNA prepared from a strain expressing the rpl30-2 ribozyme construct yielded a single product with or without the addition of oligo d(T) ( Figure 3B , lanes 3 and 4), confirming that the rpl30-2 transcripts expressed from the ribozyme construct are not polyadenylated.
We next deleted pab2 and rrp6 in strains expressing normal and ribozyme-processed rpl30-2 to address the importance of polyadenylation in Pab2/Rrp6-dependent control of rpl30-2 expression. Consistent with our previous results, rpl30-2 premRNA and mRNA were both upregulated in pab2D and rrp6D mutant strains ( Figure 3C, lanes 1-3) . In contrast, the expression of nonpolyadenylated rpl30-2 from the ribozyme construct was largely insensitive to Pab2-and Rrp6-dependent degradation ( Figure 3C , lanes 4-6). Quantification analysis from independent experiments confirmed that the nonpolyadenylated rpl30-2 premRNA is not sensitive to Pab2/Rrp6-dependent decay (Figure 3D) . Similar results were obtained with the terminator of the snu2 gene, which encodes the non-polyadenylated U2 small nuclear RNA (snRNA) ( Figure S3B ). These data argue for the direct role of Pab2 and Rrp6 in the control of rpl30-2 expression by a polyadenylation-dependent mechanism.
In addition to the absence of a 3 0 poly(A) tail, the rpl30-2 ribozyme construct is unlikely to be cleaved by the canonical 3 0 end mRNA processing complex. To address the importance of polyadenylation independently of 3 0 end processing, we used variants of Pab2 that are defective in binding to a poly(A) tail. The ability of Pab2 to bind a poly(A) substrate was completely lost after the substitution of a conserved phenylalanine (F75R) residue within the RNA recognition motif of Pab2 (Figures S3C and S3D) . Similarly, a Pab2 variant in which the 11 arginine residues within the arginine/glycine-rich domain were substituted to alanine (R-to-A) showed no poly(A) binding ( Figure S3 ). Importantly, Pab2 variants F75R and R-to-A did not rescue the increased levels of rpl30-2 transcripts observed in the pab2D strain ( Figure 3E , lanes 2-4), although the two Pab2 variants defective in poly(A) binding were expressed at levels similar to wild-type Pab2 ( Figure 3F ). As a control, expression of wildtype Pab2 in the pab2D strain effectively restored the altered levels of rpl30-2 transcripts ( Figure 3E , lane 1). Collectively, these results are consistent with a polyadenylation-dependent mechanism that controls rpl30-2 expression at the level of pre-mRNA turnover.
Pab2-Dependent Pre-mRNA Decay Is Regulated during an Environmental Stress A global analysis of gene expression changes in fission yeast found that heat stress causes the upregulation of rpl30-2 (Chen et al., 2003) . Accordingly, we found a 2-fold increase in rpl30-2 mRNA levels after shifting cells growing at 25 C to 37 C ( Figure 4A , lanes 1 and 2, and Figure 4B) . Notably, the temperature-dependent upregulation of rpl30-2 required Pab2, as it was not observed in a pab2D strain that is defective in pre-mRNA decay ( Figure 4A , lanes 3 and 4, and Figure 4B ). Identical results were obtained with rrp6D cells (data not shown). These results suggest that the upregulation of rpl30-2 mRNA after heat stress is mainly controlled at the level of pre-mRNA turnover. If negative control of pre-mRNA decay is mainly responsible for the upregulation of rpl30-2 after heat shock, we predicted that rpl30-2 expression from the intronless construct, which is insensitive to Pab2/Rrp6-mediated pre-mRNA decay ( Figures 1B and 1C) , would not respond to heat stress. Accordingly, a wild-type strain that expressed the intronless version of rpl30-2 showed no increase in mRNA levels after heat shock ( Figure 4C , lanes 1 and 2, and Figure 4D ). These results demonstrate that regulation by Pab2-dependent pre-mRNA decay is important to control gene expression during an environmental stress.
Identification of Genes Targeted by Pab2-Dependent Pre-mRNA Decay We next asked whether Pab2-dependent pre-mRNA decay controls the expression of genes other than rpl30-2. We thus used next-generation sequencing to compare the levels of unspliced and spliced transcripts between wild-type and pab2D strains. We obtained >30 million reads for both wildtype and pab2D strains, which represents >60 genome lengths. Sequence reads were mapped to spliced and unspliced reference genomes to determine the position of each read relative to exon and intron sequences. To identify genes whose expression is influenced by Pab2-dependent pre-mRNA decay, we first analyzed the normalized number of exon-exon transreads (spliced intron) and exon-intron reads (unspliced intron) and isolated genes in which both unspliced and spliced transcripts showed >1.5-fold increase in the pab2D strain relative to the wild-type control. This analysis uncovered 58 genes with increased levels of pre-mRNA and mRNA in the absence of Pab2 (Table S1 and Figure S4A ). Although the exon-exon transread/exon-intron read analysis is highly specific for spliced and unspliced transcripts, respectively, it is based on a restricted number of sequencing reads. Therefore, we also analyzed the data by comparing the exon (total mRNA) and intron (unspliced mRNA) signals for each gene between wild-type and pab2D strains (Mortazavi et al., 2008) . Using this analysis, we identified 59 genes with upregulated levels of total and unspliced mRNAs (Table S2 and Figure S4B ). Significantly, of the 59 Pab2-regulated genes identified using the exon/intron signal analysis, 21 (36%; p < 1 3 10 À15 ) were identified with the exon-exon transread/exon-intron read analysis ( Figure 5A and Table S3 ). Notably, rpl30-2 was identified with both approaches. With two independent analyses, the RNA-seq approach thus identified a high-confidence list of genes that demonstrate concomitant upregulation of mature mRNA and unspliced pre-mRNA in the absence of Pab2.
To validate the accuracy of this transcriptome analysis, we randomly selected five single-intron genes and performed quantitative RT-PCR analysis to assess pre-mRNA levels in pab2D cells compared to a wild-type strain. Consistent with the RNAseq analysis, all of the tested genes demonstrated increased levels of spliced and unspliced transcripts in the pab2D strain ( Figure 5B ), compatible with a pathway of pre-mRNA decay that competes with pre-mRNA splicing. We also analyzed a few genes that were identified by the RNA-seq approach and that have multiple introns. Interestingly, we found that not all introns within a gene show Pab2-dependent regulation. An example of this is shown in Figure 5C . The level of intron-exon signal corresponding to intron-2 of dbp2 increased 3.5-fold in the pab2D strain; yet, the intron-exon signal for intron-1 did not. This result suggests that the majority of dbp2 pre-mRNAs targeted by Pab2-dependent pre-mRNA decay have spliced their 5 0 intron, but not their 3 0 intron. Analyses of the genes controlled by Pab2-dependent premRNA decay did not show any bias for intron length and position. However, we found that genes within the high-confidence list are significantly less efficiently spliced than the rest of fission yeast intron-containing genes (p = 0.01). This observation predicted that replacing the inefficiently spliced rpl30-2 intron by an efficiently spliced intron would reduce pre-mRNA decay by Pab2. We chose to replace the rpl30-2 intron with the intron of another ribosomal protein-coding gene, rps3, because it is efficiently spliced ( Figure S4C ) and it is similar in length to the rpl30-2 intron ( Figure 5D ). Consistent with this prediction, rpl30-2 pre-mRNAs that contain the rps3 intron were resistant to Pab2-dependent decay ( Figure 5E, lanes 3 and 4) . In contrast, rpl30-2 pre-mRNAs that contain introns from genes that are regulated by Pab2 (dbp2 and rpl1-2; see Figures 5B and 5C) were still substrate of Pab2-dependent decay ( Figure 5E , lanes 7-10). Taken together, our transcriptome analysis indicates that gene regulation by Pab2-dependent pre-mRNA decay is not limited to rpl30-2, and extends to inefficiently spliced genes associated with different functions.
Negative Splicing Regulation Promotes Pre-mRNA Decay by Pab2
The aforementioned transcriptome analysis indicated that genes regulated by Pab2-dependent pre-mRNA decay are inefficiently spliced. However, this does not distinguish constitutive inefficient splicing from specific regulation of splicing. To distinguish between these two possibilities, we explored possible mechanisms that may explain the poor splicing efficiency of rpl30-2. One clue to how rpl30-2 splicing may be inefficient came from the characterization of RPL30 splicing in S. cerevisiae. In contrast to fission yeast, a single gene encodes Rpl30 in budding yeast. Interestingly, RPL30 expression is regulated autogenously in S. cerevisiae, whereby the Rpl30 protein can bind the RPL30 pre-mRNA and inhibit splicing (Dabeva et al., 1986; Macías et al., 2008) . Because two paralogous genes express Rpl30 in S. pombe, we investigated the role of Rpl30-1 in the regulation of rpl30-2 expression. Strikingly, we noted a 6-fold decrease in the percentage of unspliced rpl30-2 transcript in the absence of Rpl30-1 relative to the wild-type ( Figure S5A ), which coincided with a substantial upregulation of the rpl30-2 mRNA ( Figure 6A, compare lanes 1 and 3) . These data are consistent with greater rpl30-2 splicing efficiency in the absence (D) Schematic of rpl30-2 constructs with rpl30-2, rps3, dbp2-intron 2, and rpl1-2 introns used to study rpl30-2 expression in Figure 5E . (E) Northern analysis of RNA from wild-type (lanes 1, 3, 5, 7, and 9) and pab2D (lanes 2, 4, 6, 8, and 10) strains expressing rpl30-2 using the rpl30-2 (lanes 1, 2, 5, and 6), the rps3 (lanes 3 and 4) , the dbp2 intron-2 (lanes 7 and 8), and rpl1-2 (lanes 9 and 10) introns. See also Figure S4. of Rpl30-1. The effect of Rpl30-1 on rpl30-2 expression is specific, as mRNA levels for other ribosomal protein-coding genes were unaffected in cells deficient for Rpl30-1 ( Figure S5B) . Notably, we found that the rpl30-2 intron was important for the negative regulation of rpl30-2 expression by Rpl30-1: the impact of Rpl30-1 deficiency on rpl30-2 expression was reduced by 4-fold when rpl30-2 was expressed from the intronless construct ( Figure 6B, lanes 3 and 4, Figure 6C ) as well as from a construct in which the rpl30-2 intron was replaced by the intron of the rps3 ribosomal protein gene ( Figure 6B , lanes 5 and 6, Figure 6C ). From these results, we conclude that Rpl30-1 negatively regulates rpl30-2 expression by a mechanism that requires the rpl30-2 intron.
The requirement of the rpl30-2 intron for the negative regulation by Rpl30-1 suggested that Rpl30-1 might inhibit rpl30-2 splicing. If this is the case, excess Rpl30-1 should lead to rpl30-2 downregulation. To test this, we expressed rpl30-1 from the inducible nmt1 + promoter, which is induced in the absence of thiamine. In agreement with the direct role of Rpl30-1 in the control of rpl30-2 expression, excess Rpl30-1 resulted in decreased levels of rpl30-2 mRNA ( Figure 6D, lane 4) . As a control, cells carrying the empty vector did not show this thiamine-dependent decrease in rpl30-2 expression ( Figure 6D , lanes 1 and 2). Consistent with the results using the rpl30-1D strain ( Figure 6B ), the effect of excess Rpl30-1 on rpl30-2 expression required the rpl30-2 intron: RNA levels derived from rpl30-2 that was fused to heterologous introns were not affected by excess Rpl30-1 ( Figure 6D, lanes 5-16) . Importantly, excess Rpl30-1 in pab2D cells resulted in the accumulation of rpl30-2 pre-mRNA ( Figure 6E , lanes 5), consistent with the rpl30-2 pre-mRNAs targeted for splicing inhibition by Rpl30-1 being rapidly degraded via Pab2-dependent decay. These results indicate that the ability of Rpl30-1 to downregulate rpl30-2 expression requires Pab2-dependent pre-mRNA decay. We also tested whether the rpl30-2 intron was sufficient to induce gene regulation by Rpl30-1 by inserting the rpl30-2 intron into a heterologous gene. We chose rad24 because it is a nonribosomal protein gene whose expression is not affected by Pab2 deficiency (Lemay et al., 2010) . As a control, excess Rpl30-1 did not affect the levels of rad24 transcripts ( Figure 6F, lanes 3  and 4) . In contrast, decreased mRNA and increased premRNA levels were detected in conditions of excess Rpl30-1 when rad24 was expressed with the rpl30-2 intron ( Figure 6F , lane 8). These results are consistent with the rpl30-2 intron being the main element required for negative gene regulation by Rpl30-1.
We also investigated potential genetic interactions between rpl30-1 and pab2 in the regulation of rpl30-2 expression. The increase in rpl30-2 expression in the pab2D mutant was less compared to that observed in rpl30-1D cells ( Figure 6A , compare lanes 2 and 3); however, the single rpl30-1D mutant strain demonstrated rpl30-2 mRNA levels similar to cells deficient for both pab2 and rpl30-1 ( Figure 6A, lanes 3 and 4) , suggesting that Rpl30-1 acts upstream of Pab2. Altogether, the data presented in Figure 6 suggest a cross-regulatory mechanism in which Rpl30-1 inhibits rpl30-2 splicing to sensitize the unspliced polyadenylated rpl30-2 pre-mRNA to Pab2-dependent decay.
DISCUSSION
In this study, we identified an unexpected role for a poly(A)-binding protein in the control of gene expression via the nuclear degradation of selective pre-mRNAs. We provide insight into how this pre-mRNA decay pathway targets specific intron-containing genes, as well as to the role of this nuclear pathway in the coordinated control of gene expression.
Pab2: A Cofactor for TRAMP-Independent Exosome Degradation of Polyadenylated Transcripts
The poly(A) polymerase (PAP) activity of the TRAMP complex is believed to mark the bulk of RNAs targeted for exosome-mediated degradation during nuclear RNA surveillance. Our analyses, however, suggest that the PAP activity of the TRAMP complex is not required for the polyadenylation-dependent pre-mRNA degradation pathway described in this study. This conclusion is supported by the absence of change in rpl30-2 pre-mRNA and mRNA levels in the cid14D strain (Figure 2 ). Moreover, a polymerization-independent role for the TRAMP complex can be excluded, as Mtr4 and Air1 deficiency did not affect rpl30-2 expression (Figure 2 and data not shown). Rather, pre-mRNA decay by Pab2 is likely to be dependent on the canonical polyadenylation machinery, a conclusion consistent with the copurification of the fission yeast canonical mRNA poly(A) polymerase, Pla1, with Pab2 (Lemieux and Bachand, 2009) .
We also identified the nuclear exosome, especially Rrp6, as the degradation machinery that functions with Pab2 to elicit premRNA decay. Notably, the exosome appears to be the principal degradation machinery that functions with Pab2 during premRNA decay, as strains defective for each of the three main deadenylation systems (Parker and Song, 2004) , the CCR4-NOT complex, the poly(A) nuclease (PAN) complex, and the poly(A) ribonuclease (PARN) did not show increased levels of rpl30-2 mRNA and pre-mRNA ( Figure S6A ). Given the physical interaction between Pab2 and the nuclear exosome (Lemay et al., 2010) , together with the observations that: (1) Rrp6 did not target the nonpolyadenylated rpl30-2 pre-mRNA (Figure 3) , and (2) poly(A)-bound Pab2 was required for RNA decay (Figure 3 ), our data suggest that the degradation of unspliced pre-mRNAs via the nuclear exosome is promoted by poly(A)-bound Pab2. Notably, the pre-mRNA decay pathway described here appears functionally different than previously described nuclear discard pathways. First, Pab2-dependent pre-mRNA decay controls the expression of a specific set of genes ( Figure 5 ), whereas inactivation of the general pre-mRNA discard pathway appears to affect most intron-containing genes and is linked to mRNA quality control (Bousquet-Antonelli et al., 2000; Torchet et al., 2002) . Second, Rrp6 plays a minor role in the pre-mRNA discard pathway relative to the core exosome (Bousquet-Antonelli et al., 2000; Torchet et al., 2002) ; in contrast, the main exonuclease activity associated with Pab2-dependent pre-mRNA decay involves Rrp6 (Figure 2 ). Furthermore, whereas nuclear degradation of aberrantly spliced and read-through pre-mRNAs by the exosome requires the TRAMP-associated protein Mtr4 (Bousquet-Antonelli et al., 2000; Torchet et al., 2002) , the individual depletion of Mtr4 had no effect on rpl30-2 expression ( Figure 2D ). This argues that Pab2-dependent pre-mRNA decay does not represent a general 1, 3, and 5 ) and rpl30-1D (lanes 2, 4, and 6) strains expressing rpl30-2 using the rpl30-2 (lanes 1 and 2) and the rps3 (lanes 5 and 6) introns, as well as using the intronless (Di; lanes 3 and 4) construct. mechanism of pre-mRNA surveillance, but a pre-mRNA turnover pathway used to regulate the expression of specific genes.
Gene-Specific Regulation by Pab2-Dependent Pre-mRNA Decay Although Pab2 is recruited cotranscriptionally to several intronless and intron-containing genes (Lemay et al., 2010; Lemieux and Bachand, 2009 ), our transcriptome analysis by RNAsequencing defined a specific set of genes regulated by Pab2-dependent pre-mRNA decay. As the RNA element bound by Pab2 is a widespread sequence [poly(A) tail], other factors/ events are likely responsible for the specificity of pre-mRNA decay by Pab2. We and others have recently shown that Pab2 promotes the decay of specific meiotic transcripts via interactions with the Mmi1 RNA-binding protein, which recognizes a cis element within meiotic mRNAs (St-André et al., 2010; Yamanaka et al., 2010) . However, experiments revealed that Mmi1 inactivation does not affect the expression of genes regulated by Pab2-dependent pre-mRNA decay ( Figure S6B ), indicating that the pre-mRNA decay pathway described in this study is distinct from the Mmi1-dependent degradation pathway that targets meiotic transcripts. Rather, our RNA-seq analysis and intron swapping experiments ( Figure 5 ) indicated that poor splicing efficiency is important to dictate susceptibility to Pab2-dependent pre-mRNA decay. In addition, we provide evidence that negative splicing regulation can promote the poor splicing efficiency required for this pre-mRNA decay pathway. Specifically, our results (Figure 6) show that the Rpl30-1 protein acts upstream of Pab2 to inhibit, directly or indirectly, the splicing of rpl30-2. Given that RPL30 binds its own pre-mRNA to inhibit splicing in S. cerevisiae (Vilardell and Warner, 1994) , together with the strong homology (55% identity) between the 246 nt intron of S. pombe rpl30-2 and the 230 nt intron of S. cerevisiae RPL30, it is likely that Rpl30-1 directly controls rpl30-2 expression. Interestingly, the 59-nt-long rpl30-1 intron is not subject to autogenous regulation in fission yeast, as excess Rpl30-1 did not perturb endogenous rpl30-1 expression (data not shown). Our results support a model (Figure 7 ) in which an RNA-binding protein, such as Rpl30-1, can interfere with the splicing of a specific gene and thereby promote nuclear premRNA decay via Pab2 and Rrp6. As the inefficiently spliced dbp2 and rpl1-2 introns promoted Pab2-dependent decay (Figure 5 ) independently of Rpl30-1 (Figure 6 ), it will be interesting to learn whether Pab2-regulated genes such as dbp2 and rpl1-2 show regulated splicing via specific RNA-binding proteins, similar to rpl30-2. Given recent evidence indicating that inefficiently spliced transcripts tend to accumulate near sites of transcription (de Almeida et al., 2010; Eberle et al., 2010) , it is tempting to speculate that splicing inhibition by a trans-acting factor such as Rpl30-1 could prolong the nuclear residency of an unspliced transcript, thereby increasing its susceptibility to Pab2-dependent pre-mRNA decay.
Cross-Regulation between Paralogous Ribosomal
Protein Genes via Nuclear Pre-mRNA Decay Negative feedback regulation is a common theme among RNAbinding proteins, notably ribosomal proteins, which allows coordinated expression between ribosomal proteins and rRNAs. In E. coli, when ribosomal proteins accumulate in excess, many of them can bind their own mRNA and negatively control its translation (Nomura et al., 1984) . In budding yeast, excess ribosomal proteins are available to bind their pre-mRNA and prevent gene expression via NMD (Fewell and Woolford, 1999; Vilardell et al., 2000) . Our data extend these previous observations of feedback regulation by the identification of a mechanism of cross-regulation between paralogous ribosomal proteins through nuclear pre-mRNA decay. Accordingly, many ribosomal proteins are encoded from pairs of paralogous genes in yeast, as a consequence of an ancient genome duplication event (Wolfe and Shields, 1997) . Furthermore, evidence has been presented suggesting that paralogous ribosomal proteins could be functionally distinct (Komili et al., 2007) . Therefore, the nuclear For Pab2-regulated genes, pre-mRNA decay actively competes with RNA processing. Specific RNA-binding proteins (RBP), such as Rpl30-1, can interfere with RNA splicing and promote nuclear pre-mRNA decay via Pab2 and Rrp6. The equilibrium between decay and processing of the pre-mRNA is therefore influenced by splicing regulation, which provides a mechanism to control gene expression.
(C) Quantification of northern data for rpl30-2 mRNA. Values represent the means of three independent experiments and bars correspond to standard deviations. (D) Northern blot analysis of RNA from cells that express rpl30-2 using the rpl30-2 (lanes 1-4), rps3 (lanes 5-8), dbp2 intron-2 (lanes 9-12), and rpl1-2 (lanes 13-16) introns and that were previously transformed with a plasmid that express rpl30-1 and the control plasmid vector. Cells were grown in the presence (+) and absence (-) of thiamine to induce rpl30-1 expression. (E) Northern blot analysis of RNA from wild-type (lanes 1-4) and pab2D (lane 5) strains that were previously transformed with a plasmid that express rpl30-1 (lanes 3-5) and the control plasmid (lanes 1 and 2). Cells were grown in the presence (+) and absence (-) of thiamine to induce rpl30-1 expression. (F) Northern blot analysis of RNA from rad24D cells that express rad24 using the rad24 (lanes 1-4) and rpl30-2 (lanes 5-8) intron. Cells were grown in the presence (+) and absence (-) of thiamine. See also Figure S5 .
pre-mRNA decay pathway described in this study is likely important to maintain coordinated expression levels between paralogous ribosomal proteins. This could be valuable if Rpl30-2 has a specialized role during heat stress, during which the downregulation of rpl30-1 (Chen et al., 2003) predicts the upregulation of rpl30-2, consistent with our results (Figures 4 and 6A) .
Although the detailed mechanism by which Rpl30-1 interferes with rpl30-2 splicing remains to be determined, our data suggest the existence of a negative regulatory element in the rpl30-2 pre-mRNA. Part of this regulatory element is located within the rpl30-2 intron, as this intron was sufficient to promote regulation of a heterologous gene by Rpl30-1 ( Figure 6F ). Yet, the fact that the intronless rpl30-2 construct still showed some sensitivity to Rpl30-1 deficiency suggests that exonic sequences are also important. These observations are reminiscent of the situation in S. cerevisiae, where splicing inhibition of RPL30 by its gene product involves binding to a region at an exon-intron boundary of the pre-mRNA (Vilardell and Warner, 1994) . However, whereas splicing inhibition by S. cerevisiae RPL30 promotes RNA decay via cytosolic NMD (Vilardell et al., 2000) , we showed that negative regulation of S. pombe rpl30-2 by Rpl30-1 promotes nuclear pre-mRNA decay via Pab2 and the exosome.
In summary, we have uncovered a nuclear pre-mRNA decay pathway that controls the expression of specific genes. Many of the controlled genes are inefficiently spliced, likely because of negative splicing regulation. We also provide evidence supporting the importance of this nuclear pre-mRNA decay pathway in maintaining balanced levels of paralogous ribosomal proteins. Our findings argue that in addition to transcriptional control, the turnover of specific pre-mRNAs (besides turnover of mature mRNAs) represents a layer of regulation in the nucleus to control gene expression.
EXPERIMENTAL PROCEDURES Strains and Media
The strains of S. pombe used in this study are listed in Table S4 . S. pombe was grown at 30 C in yeast extract medium with amino acid supplements (YES) unless otherwise noted.
DNA Constructs
Owing to the large number of constructs, the relevant information is provided in the Supplemental Experimental Procedures.
RNA Analyses
Total RNA was analyzed on agarose-formaldehyde gels and transferred onto nitrocellulose membranes. DNA probes were either 5 0 -labeled gene-specific oligos or random-primed PCR products. To prevent cross-hybridization between rpl30 paralogs, sequence-specific probes were used to distinguish rpl30-1 and rpl30-2. Visualization and quantification of signals were analyzed with a Typhoon Trio instrument (GE Healthcare). RNase H (Lemay et al., 2010) and real-time PCR (St-André et al., 2010) analyses were performed as previously described.
Chromatin Immunoprecipitation assays
ChIP assays were performed as previously described (Lemieux and Bachand, 2009 ).
RNA-Seq Library Preparation and Analysis
Strand-specific RNA-seq libraries were obtained using an unreleased early version provided by Illumina of the Illumina TruSeq Small RNA Sample Prep Kit and sequenced on an Illumina Genome Analyzer IIx instrument. The detailed description of the library preparation, sequencing, and data analysis can be found in the Supplemental Experimental Procedures.
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